A novel hybrid hydrogel has been developed by combining bilayer-based lamellar structure of a self-assembled polymer surfactant and polymer network of conventional hydrogel system. A wide range of lamellar structure from micro-domain up to macro-domain (cm-scale) has been successfully generated in the hydrogel. Flat, infinitely large, and perfectly aligned lamellar macro-domain was formed by applying mechanical shear to the gel forming precursor solution containing monomer, cross-linker, and initiator. The obtained hydrogel system contains macroscopic, single-domain, periodical stacking of integrated microscopic lamellar bilayers inside the polymer matrix of the hydrogel. Periodical stacking of the bilayers in the hydrogel selectively diffract visible light to exhibit magnificent structural color. Due to the uniaxial orientation of the bilayer, the hydrogel possesses superb functions that have never been realized before, such as the one-dimensional swelling, anisotropic Young's modulus, anisotropic molecular permeation, and diffusion. Furthermore, the hydrogel exhibits excellent color tuning ability over a wide spectrum range by mechanical stimuli.
Introduction
Hydrogels are soft and wet materials usually composed of three dimensional polymer network structure and a large amount of water interposed inside the network structure. They have become extensively attractive due to their ability to simulate biological tissues and respond reversibly to the external stimuli [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, most conventional soft and wet hydrogels usually show extremely poor functions due to their amorphous structure, i.e., random cross-linking polymer chain at molecular level, in contrast with the natural bio-tissue that possesses well-defined hierarchy structure from molecular level to macroscopic scale. The well ordered anisotropic structures of the biological tissues enable highly elaborate functions of living organisms [11] [12] [13] [14] [15] . For example, actins and myosin show a liquid crystalline anisotropic structure in a muscle sarcomere, which contributes the smooth motion of muscle fibers and muscle contraction in a specific direction [16] [17] [18] .
Although several hydrogels with high strength and toughness have been developed in last decade, they also possess amorphous structure in contrast to the bio-tissue [19] [20] [21] [22] [23] .
Therefore, it is a challenging task for the scientists to introduce well-define structure in hydrogel which serves highly elaborate functions. Recently, a method has been fabricated to introduce well-define lamellar bilayer structure of self-assembled surfactant inside polymer hydrogel. In the past decades, Tsujii et al. have discovered a micro-scale lamellar structure of a self-assembled surfactant in the aqueous solution which can be fixed in the network structure of hydrogel by polymerization in mixed monomer solution. However, this micro-domain lamellar superstructure in hydrogel plays negligible improvement in the functional hybrid gel material due to the poly-domains of the lamellar phase in macro-scale [24] [25] [26] [27] . Very recently, Gong's group has developed a successful method for formation of macroscopic (integrated microscopic) single-domain lamellar bilayer structure with periodical stacking inside the polymer matrix of the hydrogel [28, 29] . The hybrid hydrogel system 4 already attracted great attention in material science because two novel phenomena, excellent mechanical performances and tunable structural color, are emerged in one material.
In this article, the authors intend to discuss the self-assembly behavior of a polymeric surfactant in water as well as in polymer network of hydrogel. The polymeric surfactant usually undergoes self-assembly and forms micro-scale lamellar domains with certain periodic spacing in aqueous solution showing iridescence and while introduced in the hydrogel, the rigid lamellae also diffract visible light to exhibit magnificent structural color in the hygrogel. Periodically ordered uni-axial bilayers in the hydrogel not only diffract visible light but also serve as reversible sacrificial bonds providing excellent mechanical performance of the hydrogel such as strength, shape-recovery. Furthermore, stratified soft and hard layer structure allow the hydrogel to exhibit superb anisotropic property such as one dimensional swelling, anisotropic modulus and excellent color tuning ability under mechanical stimuli as like a soft tactile sensor or a mechanical sensor.
Iridescence resulting from poly-domain lamellae of self-assembled surfactant
Pure dodecyl glyceryl itaconate (DGI) forms lamellar liquid crystalline droplets in water at 55C with the diameter of several micrometers (~10 µm) [25] . The spacing distance between bilayer membranes in these liquid crystals is in several nanometers (~6 nm). With the presence of small amounts of ionic surfactants, the bilayers are separated apart and forms lamellar domains in solution with certain periodic spacing in the scale of 50350 nm. The lamellar domains are periodically ordered in micro-scale but randomly oriented in the bulk solution from macroscopic view (Figure 1a) . In the DGI systems, it is found that ionic surfactants are necessary to change from the lamellar liquid crystalline droplets of pure DGI having the spacing distance of several nm to the iridescent lamellar phases with a periodic spacing of several 100 nm. For the pure DGI samples without any ionic surfactants, the liquid crystalline droplets are kept unchanged even after being left in water bath at a higher When the molar ratio of SDS to DGI is 1:4000, the lamellar sheets can be clearly seen in the TEM image. The bilayers occupy the whole space of the solution. However, when the molar ratio of SDS is increased to 1:40, the onion-like and/or myeline-like lamellae are found [25] .
According to the packing theory [30] , the shape of the surfactant aggregates is mainly governed by the packing parameter of v/Ls, where v, L and s are the volume, the length of the alkyl chain and the effective surface area of the head group of surfactant molecule, respectively. DGI molecule may be in truncated conical shape and tends to form flat lamellae, while the molecule of SDS is wedge-shaped and favors to form spherical micelles. When the ratio of SDS is increased, it is reasonable that the structure of DGI bilayers will change from flat lamellar sheets to lamellar vesicles consisting of curved bilayer membranes. Once the separated onion-like vesicles are formed, the bilayer membranes cannot occupy the whole space of the solution, resulting in the emergence of some vacant spaces.
The interplanar distance between bilayer membranes decreases in the above situation since the space for the bilayer membranes becomes smaller. It is well evident that DGI forms flat 6 lamellar sheets at low concentration of SDS (1:4000 relative to DGI) which is mainly focused hereafter.
The periodic micro-domain lamellar structure of DGI is maintained even in the aqueous solution of acrylamide monomer (AAm), N,N-methylene bis(acrylamide) (MBAA), and initiator. The iridescent solution of DGI was polymerized by UV light and the lamellar structure of the polymeric DGI became immobilized inside the network structure of polyacrylamide (PAAm) gel. The obtained hybrid gel (PDGI/PAAm) exhibits iridescent multi-colors, and is isotropic in macroscopic scale, similar to the precursor solution in which lamellar bilayer domains are randomly oriented [27] . Therefore, the bulk hydrogel with microscopic lamellar domains showed poor anisotropy in the optical, swelling, and modulus and weak mechanical strength.
Formation of single-domain lamellae in macroscopic gel
Tsujii et al developed the hybrid hydrogel that contains microscopically anisotropic bilayer structure exhibits iridescent color because the bilayer micro-domains distributed randomly in bulk gel from macroscopic point of view [27] . Haque et al succeeded to fabricate the structure uniformity of the hybrid gel by aligning the bilayer sheets in one direction before polymerization, i.e, macroscopic uni-domain lamellar bilayer structure fixed inside the polymer matrix of the PAAm hydrogel after polymerization [28] which is summarized in . As the precursor solution contained randomly oriented micro-domains of stable lamellar bilayers, the strong shear induced the bilayer micro-domains to align in one direction parallel to the glass substrates in the cm-scale. By UV polymerization for 8 h at 50°C under an argon gas atmosphere, the uni-axial lamellar structure of PDGI was immobilized and stabilized inside the PAAm network. Therefore, an anisotropic hydrogel film (thickness: 500 m, length: 10 cm, width: 1 cm) was obtained in which lamellar bilayer sheets oriented parallel to the wide surface of the film. At the as-prepared state, the sheet-shaped anisotropic PDGI/PAAm gel films are almost transparent and show Bragg's diffraction in ultra-violet wavelength band (λ max~ 200400 nm; d~ 85170 nm), but after reaching equilibrium swelling in water, they exhibit excellent visible color (λ max ~ 400700 nm) with an inter bilayer spacing, d~ 170300 nm [28] .
Anisotropic property and stratified layer structure model
The photographs of the PDGI/PAAm gels prepared at various DGI concentrations are shown in Figure 3a . The lamellar bilayers in the gel are in parallel to the screen of photographs. The lamellar alignment is also shown in the 3D illustration of the gel (Figure 3b) . The very pure color of the gel in cm-scale due to uniform Bragg's diffraction indicated the macroscopic or cm-scale unidirectional orientation or uni-axial pattern of bilayer in the gel. The formation microscopic as well as macroscopic uni-axial bilayer structure of the PDGI/PAAm gel has been clearly observed by the transmission electron microscope (TEM) observation, small angle x-ray scattering (SAXS), and polarizing optical microscope (POM). The POM images shown in Figure 3 (c-f) were taken from the cross section of the plate-like gel sample. The image appeared as complete dark under the crossed polarizers at a crossing angle of 0° (Fig.   3c ), whereas at a 45° crossing angle (Fig. 3d) , a perfect bright image was observed. These 8 results demonstrate that the lamellar bilayer of DGI was oriented unidirectionally parallel to the top surface of the sheet-like gel. However, the gel prepared without shear flow produce images with similar birefringence level when rotaing by an angle of 45 (partially bright) indicating the random lamelar orientaion in the gel.
Unlike regular photonic crystals with three-dimensional lattice structures, the lamellar gel contains unidirectional layers and exhibits a one-dimensional optical lattice. The thickness of one PDGI lamellae is 4.7 nm [24] and the distance between two next neighboring PDGI layers, d, is 150-300 nm depending on the DGI concentration and the swelling degree of PAAm networks. Owing to the global uni-axial orientation of the lamellar bilayers, the swellable PAAm network can swell freely in the direction perpendicular to the bilayers.
However, the free swelling of PAAm layer is completely constrained by the rigid, non-swellable PDGI layers (Figure 4a) . Therefore, the gel has a strong anisotropy in its properties: it exhibits one-dimensional swelling in the direction perpendicular to the lamellar bilayers while the swelling in the direction of the bilayers is completely constrained. The swelling ratio of the PDGI/PAAm gel along the thickness axis (perpendicular to PDGI bilayers) increased up to 2.2 with the progress of time whereas no swelling is observed at all along the length axis (parallel to bilayers) (Figure 4b) . This indicates the one-dimensional swelling behavior perpendicular to the bilayers direction, which is in contrast to the single PAAm gel that shows isotropic swelling [31] .
Concomitant with the appearance of the anisotropic swelling, the PDGI/PAAm gel showed clear anisotropy in modulus. The overall modulus of the gel parallel to the bilayers direction (400 kPa) is 20 time higher than that perpendicular to the bilayers (10 kPa). Therefore, the individual modulus for a single bilayer and the PAAm layer has been calculated. At room temperature, a single PDGI bilayer has a high modulus in the order of several MPa (~4000 kPa) and the PAAm matrix is much softer than the bilayer, with a 9 modulus of few kPa (5 kPa). Thus, the PDGI/PAAm hydrogel is said to have a stratified structure consisting of two alternating layer structures, one is rigid PDGI and another is soft PAAm layers, similar to the structure found in some biological systems showing structural colors, such as in iridophore of tropical fishes [33, 34] and nacre [34] which is crucially important to be a tough material.
By accounting for both the swelling PAAm layers (SLs) and nonswelling PDGI lamellar layers (NLs), a simple yet effective model was formulated by Hong et al for the anisotropic property of lamellar gels (Figure 5a) . The deformation and swelling of the soft SLs made from hydrophilic polymer networks (HPNs) is constrained by the stiff NLs, made from glassy polymer or surfactant bilayers. For simplicity, the principal directions of deformation are assumed to be either parallel or perpendicular to the lamellae. The synthesized state is considered as the reference state in which the HPN in the SLs is stretched isotropically and homogeneously due to the presence of a small amount of solvent during synthesis [28, 36] . The stretch of the as synthesized HPN with respect to the dry state is denoted as λ 0 . The NLs, on the other hand, are assumed to extend freely in this state. In a deformed state, λ 1 , λ 2 , and λ 3 are assumed the principal stretches in the SLs with respect to the reference. More specifically, λ ' 3 be in the through-thickness direction of lamellae. By applying the model, the resulting calculated free-swelling stretches parallel (λ 1 ) and perpendicular (λ 3 ) to the lamellae are plotted in Figure 5b as functions of the DGI concentration. The results show relatively good agreement with the experimental measurements [28] . At low DGI concentration, the lamellar structure may be less ordered and the deformation may not be affine due to the large distance between neighboring bilayers. The relatively large discrepancy is thus expected. The modulus, namely the initial slope of the stress-strain curve in uniaxial tension and compression, can also be evaluated through linearizing the stress-stretch relation at the small-strain limit. Using the same set of material parameters as in the swelling calculation, the tensile modulus in the direction of the bilayers, E 1 , and that in the perpendicular direction, E 3 was computed. The results are plotted in Figure 5c and also compared to the available experimental data [28] . The prediction of the model shows good agreement at a DGI concentration higher than 0.06 molL −1 .
Mechano-responsive color tunability
PGDI/PAAm gel developed by author's group exhibits magnificent structural color as a result of multilayer Bragg's diffraction of visible light produced by the periodic multi-lamellar planes. The color of the gel can interestingly be tuned reversibly by applying compressive mechanical stress. When the gel was compressed perpendicular to the lamellar layer direction, the gel changed its color under the stress/strain and then returned to its initial color after the removal of the stress/strain. The photographs of the gel at various compression states and their corresponding reflection spectra are shown in Figure 6a . The color as well as the reflection peak shifted from the red to the blue wavelength region with the increase of applied strain.
The wavelength at maximum of the spectrum, i.e., peak wavelength (λ max ) decreased from ~600 nm to ~415 nm with an increase in the strain, ε, from 0 to 0.64 (Figure 6b The PDGI/PAAm gel also exhibits tunable color from orange to blue by applying tensile deformation in direction parallel to the lamellar plane (Figure 7a) . This color change is reversible, i.e., the gel changes its color under an applied tensile stress/strain and then returns to its initial color and dimensions after releasing of the stress/strain. The wavelength at maximum of the reflection spectrum (λ max ) has found to be decreased with the increase in tensile strain (Figure 7b) . Since elongation accompanies with the decrease in gel thickness, i.e., compressive deformation perpendicular to stretching direction, inter lamellar distance, d, decreases with elongation (Figure 7b) . As a result, lower wavelength light is reflected and consequent blue shift of color is observed. This color tuning phenomenon can be repeated for many times and the gel behaves like a rubber during stretching and releasing.
Most polymer materials that exhibit structural color are based on the incorporation of periodically packed colloidal particles into the polymer matrix, or the formation of a porous polymer matrix by etching away the precursor colloidal particles [37] [38] [39] [40] [41] [42] [43] [44] [45] . These photonic crystalline materials are therefore isotropic in structure, they have poor color quality and weak mechanical response, and their color tuning ability covers narrow wavelength band (< 70 nm).
On the other hand, the lamellar hydrogel sustains large deformation (compressive ~ 90% and tensile ~ 2200%) and tunes color over the entire visible wavelength region (Δλ max = 300 nm) under the compressive mechanical deformation. Due to this large structural color tuning, this gel could be potentially used as a stress/strain or mechano-responsive sensor.
Conclusions
Self-assembly of a polymerizable surfactant-like molecule can form micro-domain lamellar structure in solution which is further incorporated and fixed in conventional polymer network to form hydrogel. In solution stage, the microscopic poly-domain lamellar structure has been integrated to form macroscopic single-domain flat lamellae in presence of gel forming monomer, cross-linker, and initiator. The infinitely large, flat lamellar structure was trapped and immobilized inside gel network by polymerization. This idealized microstructure, in which both swellable, soft polymer network and non-swellable, hard lamellae are flat, infinitely large, and perfectly aligned, generated a perfect anisotropic hydrogel with stratified structure that has not been realized before. The hydrogel exhibits robust functions such as beautiful structural color, one-dimensional swelling, anisotropic modulus, stress induced color 12 tuning, and excellent mechanical strength which play important roles in diverse applications.
The unique feature of this hydrogel is not only reversible physical association by self-assembly but also the random coil polymer bond itself in the aggregates. The retraction of the extended polymer chain of the deformed bilayers into random coil configuration enhances the ability to self-recover of its initial shape, color, and strength. Therefore, this hydrogel system would guide the scientist to fabricate more strong, tough, and reversible bond in soft material and also to create as a new class of soft tactile sensor or mechanical sensor. Squares and circles are experimental results from Ref. [28] . Reproduced with permission from literature [32] ; Copyright ©2012 American Physical Society. 
